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METHODS AND STRUCTURES FOR PROMOTING STABLE SYNTHESIS 

OF CARBON NANOTUBES 

Field of the Invention 

The invention relates to semiconductor device fabrication and, more 
particularly, to methods and structures for promoting the stable synthesis of carbon 
nanotubes. 

5 Background of the Invention 

Traditional field effect transistors (FET's) are familiar conventional devices 
commonly incorporated as a fundamental building block into the intricate circuitry of 
integrated circuit (IC) chips. Downward scaling of FET dimensions has improved 
circuit performance and increased the functional capability of FET's packed on an IC 

10 chip. However, continued dimensional reductions may be hampered by the size 
limitations associated with traditional materials and the costs associated with 
lithographic patterning. 

Carbon nanotubes are nanoscale high-aspect-ratio cylinders consisting of 
hexagonal rings of carbon atoms that may assume either a semiconducting electronic 

15 state or a conducting electronic state. Hybrid FET's have been successfully fabricated 
using a semiconducting carbon nanotube as a channel region and forming contacts at 
opposite ends of the semiconducting carbon nanotube extending between a gold 
source electrode and a gold drain electrode situated on the surface of a substrate. A 
gate electrode is defined in the substrate underlying the carbon nanotube and generally 

20 between the source and drain electrodes. An oxidized surface of the substrate defines 
a gate dielectric situated between the buried gate electrode and the carbon nanotube. 
Nanotube hybrid FET's should switch reliably while consuming significantly less 
power than a comparable silicon-based device structure due to the small dimensions 
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of the carbon nanotube. Such FET's have been successfully formed under laboratory 
conditions by manipulating single semiconducting carbon nanotubes using an atomic 
force microscope for precision placement or by coincidental placement of a single 
semiconducting carbon nanotube between the source and drain electrodes from a 
5 randomly dispersed group of semiconducting carbon nanotubes. 

The availability of carbon nanotubes and the cost of their synthesis is a 
primary issue hindering their introduction in various potential mass-produced end 
products, such as IC chips. A conventional method for synthesizing carbon nanotubes 
is to deposit a layer of catalyst material on a substrate, which may be patterned to form 

10 an array of small dots that operate as seed areas for chemical vapor deposition (CVD) 
growth using a carbonaceous precursor. The carbon nanotubes grow and lengthen by 
insertion of activated carbon atoms at each nanotube interface with the catalyst 
material of the seed areas, which remain affixed to the substrate. As the carbon 
nanotubes lengthen, the flow of CVD reactant(s) to the seed areas becomes restricted, 

15 particularly for dense arrays of seed areas. Specifically, the spaces between adjacent 
carbon nanotubes open for reactant flow may be narrow. Reactants must flow from 
the vicinity of the leading free end of the carbon nanotubes through the open spaces to 
reach the catalyst material to participate in the growth reaction. The flow restrictions 
slows, and may even halt, nanotube synthesis at the seed areas so that the growth rate 

20 slows dramatically, and may cease, with increasing nanotube length. 

What is needed, therefore, is a method of synthesizing carbon nanotubes by 
CVD that is not limited by reactant flow restrictions to the synthesis interface with the 
catalyst material for seed pads of catalyst material carried by a substrate. 

Summary of the Invention 

25 In accordance with the principles of the invention, a method for producing 

carbon nanotubes includes synthesizing carbon nanotubes on a plurality of synthesis 
sites carried by a substrate. A method for mass producing semiconducting carbon 
nanotubes includes synthesizing a plurality of carbon nanotubes to a first length on a 
plurality of synthesis sites carried by a first substrate. The synthesis of the plurality of 

30 carbon nanotubes is interrupted and a free end of each of the plurality of carbon 
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nanotubes is supported from a second substrate. The method further includes 
separating the plurality of synthesis sites from the first substrate and resuming the 
synthesis of the plurality of carbon nanotubes at the plurality of synthesis sites to 
lengthen the plurality of carbon nanotubes to a second length that is greater than the 
5 first length. As a result, the interface between each synthesis site and the 

corresponding carbon nanotube has continuous unoccluded, free access to reactant 
gases for lengthening the carbon nanotubes to a finite length. 

The invention is also directed to a structure having a plurality of carbon 
nanotubes each extending between a first and second ends. The first end of each of 
10 the plurality of carbon nanotubes is supported on a substrate. The second end of each 
of the plurality of carbon nanotubes is coupled with one of a plurality of synthesis 
sites. 

Carbon nanotubes may be produced and harvested in large numbers using the 
simplified preparation process in accordance with the principles of the invention. The 

15 invention in its various embodiments fulfills a need for a method of synthesizing 

lengthy carbon nanotubes at a high growth rate. The methods of the invention may be 
used to mass produce carbon nanotubes for use in any of their potential and actual 
applications, whether in semiconductor device fabrication or other diverse 
applications. Dense arrays of carbon nanotubes may be formed without concerns 

20 regarding reactant flow to the synthesis sites. 

Brief Description of the Drawings 

The accompanying drawings, which are incorporated in and constitute a part of 
this specification, illustrate embodiments of the invention and, together with a general 
description of the invention given above, and the detailed description of the 
25 embodiments given below, serve to explain the principles of the invention. 

FIGS. 1-6 are cross-sectional views of a portion of a substrate at various stages 
of a processing method in accordance with an embodiment of the invention; and 
FIGS. 7-12 are cross-sectional views of a portion of a substrate at various 
stages of a processing method in accordance with an alternative embodiment of the 
30 invention. 
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Detailed Description of Specific Embodiments 

The invention in its various embodiments provides methods for the stable 
synthesis of carbon nanotubes synthesized or grown by chemical vapor deposition on 
seed pads of a growth-promoting catalytic material. The methods generally include 
5 forming carbon nanotubes at synthesis sites supported by a first substrate, interrupting 
nanotube synthesis, mounting a free end of each carbon nanotube to a second 
substrate, and removing the first substrate. As a result, each carbon nanotube is a 
freestanding structure capped by one of the synthesis sites and reactant access to the 
synthesis sites are not occluded by lengthening carbon nanotubes. After forming the 

10 non-occluded structures, nanotube synthesis is resumed at the synthesis sites to 
lengthen the carbon nanotubes. 

With reference to FIG. 1, a plurality of spaced-apart synthesis sites 10 are 
provided on a substrate 12. The synthesis sites 10 may be arranged, for example, in a 
periodic array of rows and columns extending about the surface of substrate 12. Each 

15 synthesis site 10 includes a seed pad 14 of a catalytic material suitable for 

synthesizing carbon nanotubes (Fig. 2) positioned on an upper surface of a mesa or 
pillar 16. Substrate 12 may be composed of any suitable support substrate material 
that does not support the growth of carbon nanotubes, including but not limited to 
wafers or silicon (Si), gallium arsenide (GaAs), glasses, silicon carbide (SiC), silicon 

20 oxide (Si0 2 ), and appropriate metals that do not operate as nanotube catalysts. Pillar 
16 is a support element for the seed pad 14 and is formed of any suitable material that 
likewise does not support the growth of carbon nanotubes. Encircling the periphery of 
the seed pad 14 and positioned on the pillar 16 is a spacer 18 composed of a material 
that does not support the synthesis or growth of carbon nanotubes. Underlying the 

25 synthesis sites 10 is a release layer 20 that may also function as an etch stop, although 
a distinct etch stop layer (not shown) may be provided in addition to the release layer 
20. A cleaving plane is defined along the horizontal plane of the release layer 20. 

In one embodiment of the invention, the release layer 20 is a material 
removable by a wet etch or any other conventional technique recognized by a person 

30 of ordinary skill in the art. The patterned seed pads 14 may be formed by depositing a 
blanket layer of the catalytic material on the insulating layer 12 by any conventional 
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deposition technique including, but not limited to, chemical vapor deposition (CVD) 
using suitable precursors such as metal halides, metal oxides and metal carbonyls, 
sputtering, and physical vapor deposition (PVD) and then employing a standard 
lithographic and subtractive etch process to pattern the blanket layer. The spacers 18 
5 may be formed about the seed pads 14 by a standard deposition and etch process. The 
spaced-apart pillars 16 may then be defined by performing a self-aligned anisotropic 
etch that relies on the seed pads 14 and spacers 18 as a mask and that etches the 
material of substrate 12 selective to the material constituting seed pads 14 and spacers 
18 to the depth of the release layer 20. 

10 The catalytic material in catalyst pads 10 is any material capable of nucleating 

and supporting the growth of carbon nano tubes when exposed to appropriate reactants 
under chemical reaction conditions suitable to promote nanotube growth. For 
example, suitable catalytic materials include, but are not limited to, iron, nickel, 
cobalt, alloys of each of these metals, and compounds of these metals, such as metal 

1 5 silicides and metal oxides. 

References herein to terms such as "vertical", "horizontal", etc. are made by 
way of example, and not by way of limitation, to establish a frame of reference. The 
term "horizontal" as used herein is defined as a plane parallel to the conventional 
plane or surface of substrate 12, regardless of orientation. The term "vertical" refers 

20 to a direction perpendicular to the horizontal, as just defined. Terms, such as "on", 
"above", "below", "side" (as in "sidewall"), "higher", "lower", "over", "beneath" and 
"under", are defined with respect to the horizontal plane. It is understood various 
other frames of reference may be employed without departing from the spirit and 
scope of the invention. 

25 With reference to FIG. 2, carbon nanotubes 22 are grown or otherwise 

synthesized on seed pads 14 by any suitable growth technique. Synthesis of the 
carbon nanotubes 22 is suspended temporarily when a relatively-short average length 
is attained. In one embodiment of the invention, synthesis is discontinued when the 
carbon nanotubes 22 have an average length in the range of about 100 run to about 

30 200 nm. Carbon nanotubes 22 are characterized by either a semiconducting electronic 
state or a conducting electronic state. The specific length at which synthesis is 
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temporarily suspended is shorter than the ultimate length of the nanotubes 22 after 
nanotube synthesis is resumed, as described herein. The spacer 18 prevents lateral or 
horizontal nanotube synthesis from the sides of the seed pad 14. Preferably, the 
surface area of the seed pads 14 is limited or the synthesis conditions are tailored such 
5 each seed pad 14 supports the synthesis of only a single carbon nanotube 22, although 
the invention is not so limited as one or more of the seed pads 14 may carry vertically- 
projecting multiple carbon nanotubes 22. 

In one embodiment of the invention, the carbon nanotubes 22 are grown by 
chemical vapor deposition (CVD) or plasma-enhanced CVD using any suitable 

10 gaseous or vaporized carbonaceous reactant(s) including, but not limited to, carbon 
monoxide (CO), ethylene (C 2 H 4 ), methane (CH 4 ), acetylene (C 2 H 2 ), a mixture of 
acetylene and ammonia (NH 3 ), a mixture of acetylene and nitrogen (N 2 ), a mixture of 
acetylene and hydrogen (H 2 ), and xylene (C 6 H 4 (CH 3 ) 2 ) under growth conditions 
suitable for promoting carbon nanotube growth on the catalytic material forming the 

15 seed pad 14. Substrate 12 may be heated to a temperature adequate to promote and/or 
hasten CVD growth. Additives may be mixed with the reactant to encourage the 
synthesis of single-wall nanotubes, the synthesis of multi-wall nanotubes, or to 
increase the nanotube lengthening rate or length. 

The reactant is delivered or supplied to each seed pad 14, where the reactant 

20 chemically reacts with the catalyst material to nucleate carbon nanotubes 22 and to 
sustain their growth following nucleation. The catalyst material of the seed pads 14 
participates in carbon nanotube synthesis without itself being transformed or 
consumed by the chemical reaction transpiring at its exposed surface by reducing the 
activation energy of the reaction forming carbon nanotubes 22. The carbon nanotubes 

25 22 grow in a collection or population that randomly have either a semiconducting 
electronic state or a conducting electronic state, as the electronic state may not be 
selected during growth and, hence, the electronic state of any given nanotube 22 on a 
given seed pad 14 cannot be predicted with certainty. The carbon nanotubes 22 
constitute hollow cylindrical tubes composed of precisely arranged hexagonal rings of 

30 bonded carbon atoms. The carbon nanotubes 22 may be multi-wall nanotubes 
resembling concentric cylinders or may be single-wall nanotubes. 
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The carbon nanotubes 22 extend on average substantially vertically upward 
from the seed pad 14 with a perpendicular or, at the least, approximately 
perpendicular orientation to the horizontal surface of the seed pad 14. The carbon 
nanotubes 22 are expected to have a statistical distribution of heights or lengths each 
5 measured between a free end or leading tip 24 and a base 26 electrically coupled with 
the corresponding seed pad 14. Growth is expected to occur by addition of carbon 
atoms at an interface 27 between each of the carbon nanotubes 22 and the 
corresponding seed pad 14. The invention contemplates that one or all of the carbon 
nanotubes 22 may be tilted slightly from the vertical direction, as defined herein, and 

10 that the nanotube orientation may be characterized by a statistical distribution that, on 
average, is substantially vertical. 

With reference to FIG. 3, a layer 28 is conformally deposited on substrate 12 
with a thickness that completely covers the carbon nanotubes 22 and fills the spaces 
between adjacent synthesis sites 10. Layer 28 may be constituted, for example, by 

15 silicon oxide (Si0 2 ) deposited by a CVD process using tetraethylorthosilicate (TEOS) 
or silane as the silicon precursor source, although the invention is not so limited. 

With reference to FIG. 4, an exposed surface 30 of the layer 28 is polished flat 
by a chemical-mechanical polishing (CMP) process or any other suitable planarization 
technique. Generally, CMP processes involve a polishing or mechanical abrasion 

20 action aided chemically by a suitable slurry introduced between a polishing pad and 
layer 28. In certain embodiments of the invention, the CMP process is optional and 
may not be required. A handle wafer 32 is bonded with the exposed surface 30 of 
layer 28 by any conventional technique familiar to persons of ordinary skill in the art. 
The handle wafer 32 may be, for example, a silicon wafer or a metal wafer. The 

25 handle wafer 32 may be bonded with layer 28, for example, using a layer of high 
temperature adhesive or by a suitable heat treatment. The handle wafer 32 may be 
optionally oxide coated or coated with other layers (not shown) to aid bonding. 
Substrate 12 is then removed by way of manipulation of release layer 20 so that the 
synthesis sites 10 and dielectric layer 28 remain behind so that the handle wafer 32 

30 provides the requisite mechanical support. For example, the release layer 20 may be 
manipulated by a wet etch process. Typically, the handle wafer 32 is inverted at this 
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stage in the fabrication process, as indicated in FIG. 4, although the invention is not so 
limited. 

With reference to FIG. 5, layer 28 is removed to a depth that exposes the seed 
pads 14 and the corresponding interface 27 between each carbon nanotube 22 and the 
5 corresponding one of the seed pads 14. One technique for selectively removing layer 
28, if layer 28 is constituted by Si0 2 , relative to the materials in the synthesis sites 10 
and the carbon nanotubes 22 is isotropic wet etching with a suitable aqueous etchant 
solution, such as a buffered hydrofluoric acid (HF) solution. The nanotubes 22 and 
the associated synthesis sites 10 form structures extending substantially vertically 
10 relative to the handle wafer 32. Due to the recessing of layer 28, an unobstructed 
reactant (i.e., gas) path for nanotube-growth reactant(s) exists to the base 26 of each 
carbon nanotube 22 and the interface 27 between each base 26 and the associated seed 
pad 14. 

With reference to FIG. 6, the growth or synthesis of the semiconducting 

15 carbon nanotubes 22 is reinitiated by supplying the growth reactant(s) at the interface 
27 with the associated seed pads 14. Growth proceeds at the same interface 27 with 
the catalyst material as active in formation of original shorter carbon nanotubes 22. 
The environment about the interface 27 remains constant as the carbon nanotubes 22 
lengthen. In other words, as the carbon nanotubes 22 lengthen, the reactant path to the 

20 interface between nanotubes 22 and the associated seed pads 14 is not occluded or 

otherwise modified by the growth process, even for dense original arrays of synthesis 
sites 10. As a result, synthesis proceeds unimpeded by the lengthening nanotubes 22. 

The carbon nanotubes 22 are synthesized to a desired length and then 
harvested by excising the synthesis sites 10 and removal from the handle wafer 32 for 

25 use in forming microelectronic devices or other structures, such as an array of emitters 
for a field effect display. Semiconducting and conducting carbon nanotubes 22 may 
be separated using any appropriate sorting technique apparent to persons of ordinary 
skill in the art. Alternatively, a device structure incorporating the carbon nanotubes 
22 may be fabricated directly on the handle wafer 34, also as apparent to persons of 

30 ordinary skill in the art. 
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With reference to FIG. 7 and in accordance with an alternative embodiment of 
the invention, the substrate 12 at the stage of the processing method shown in FIG. 2 
is covered by a layer 40 of a first material, such as polysilicon deposited by a CVD 
process. The layer 40 conformally coats the carbon nanotubes 22 so that an exposed 
5 surface is irregular. 

With reference to FIG. 8, surface 42 of the layer 40 is polished flat using a 
CMP process. The CMP process may also operate to equalize the lengths of the 
carbon nanotubes 22 as the leading tips 24 of lengthy carbon nanotubes 22 are 
removed thickness of layer 40 is reduced. The uniform length of the carbon 

10 nanotubes 22 following the CMP process will equal the thickness of layer 40 between 
surface 42 and the confronting surface of the seed pad 14. It will be appreciated that 
some carbon nanotubes 22 may have lengths shorter than the equalized or uniform 
length after the CMP process and remain submerged in layer 40 beneath surface 42. 
With reference to FIG. 9, the exposed surface 42 of layer 40 is then further 

15 recessed relative to the carbon nanotubes 22 using a reactive ion etch (REE) process 
that removes layer 40 selective to the carbon nanotubes 22. Alternatively, a wet etch 
process using a suitable etchant solution, such as a buffered hydrofluoric acid (HF) 
solution for Si0 2 , may be used. A layer 44 of a second material is then deposited on 
the exposed surface 42. The exposed leading tips 24 of the carbon nanotubes 22 are 

20 embedded in layer 44. Layer 44 is any material that etches selectively to the material 
forming layer 40 and that does not support carbon nanotube synthesis. If layer 40 is 
polysilicon, for example, then layer 44 may be, for example, Si0 2 , as polysilicon may 
be etched selective to Si0 2 by an REE process using a chlorine-containing gas, a 
bromine-containing gas, or a mixture thereof. 

25 With reference to FIG. 10, a handle wafer 46, such as a silicon wafer or a 

metal wafer, is bonded with layer 44 by any conventional technique familiar to 
persons of ordinary skill in the art. The handle wafer 46 may be bonded with layer 44, 
for example, using a layer of high temperature adhesive or by a suitable heat 
treatment. The handle wafer 46 may be optionally oxide coated or coated with other 

30 layers (not shown) to assist bonding. Substrate 12 is then removed by way of 

manipulation of release layer 20 so that the synthesis sites 10 and layers 40 and 44 
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remain behind so that the handle wafer 46 provides the requisite mechanical support. 
Typically, the handle wafer 46 is inverted at this stage in the fabrication process, as 
indicated in FIG. 10, although the invention is not so limited. 

With reference to FIG. 11, layer 40 is removed by an etch process selective to 
5 the material constituting layer 44, which functions as an etch stop layer to the etch 
process. The etch process also removes layer 40 selective to the materials in the 
synthesis sites 10 and the carbon nanotubes 22. The nanotubes 22 and the associated 
synthesis sites 10 form structures extending substantially vertically relative to the 
horizontal plane of the handle wafer 46. Due to the removal of layer 40, an 
10 unobstructed gas path for nanotube-growth reactant(s) exists to the base 26 of each 

carbon nanotube 22 and the interface 27 between each base 26 and the associated seed 
pad 14. 

With reference to FIG. 12, the synthesis of the semiconducting carbon 
nanotubes 22 is reinitiated by supplying the growth reactant(s) at the interface 27 with 

15 the associated seed pads 14, which are still affixed to the base 26 of each carbon 
nanotube 22. Growth proceeds at the same original interface 27 with the catalyst 
material active during formation of the shorter carbon nanotubes 22. The reactant 
flow environment about the growth interface 27 remains constant and invariant as the 
carbon nanotubes 22 lengthen. In other words, as the carbon nanotubes 22 lengthen, 

20 the gas path to the interface 27 between nanotubes 22 and the associated seed pads 14 
is not occluded or otherwise modified by the growth process, even for dense original 
arrays of synthesis sites 10, as the seed pads 14 move away from the handle wafer 46 
aiong with the lengthening nanotubes 22. As a result, synthesis proceeds unimpeded 
by the lengthening nanotubes 22. The carbon nanotubes 22 are synthesized to a 

25 desired length and then harvested or incorporated into a device structure. In 

accordance with this embodiment of the invention, the carbon nanotubes 22 have a 
substantially uniform length distribution for any length at which the growth is 
terminated. 

While the present invention has been illustrated by a description of various 
30 embodiments and while these embodiments have been described in considerable 

detail, it is not the intention of the applicants to restrict or in any way limit the scope 
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of the appended claims to such detail. Additional advantages and modifications will 
readily appear to those skilled in the art. Thus, the invention in its broader aspects is 
therefore not limited to the specific details, representative apparatus and method, and 
illustrative example shown and described. Accordingly, departures may be made 
from such details without departing from the spirit or scope of applicants' general 
inventive concept. 
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